INTRODUCTION
============

The history of cardiovascular surgery began concretely only in the 1940s, with some procedures that could be performed without cardiopulmonary bypass (CPB). Complex cardiac conditions, however, could not be corrected with the heart beating, or even stopped, during the short time provided by hypothermia. Thus, many surgeons began attempts to put into operation a machine that was able to replace the patient heart and lungs during surgery, allowing more prolonged handling of the arrested heart ^\[[@r01]\]^.

After a series of unsuccessful attempts of many scholars, Gibbon successfully performed in 1953, the first cardiac surgery under CPB ^\[[@r02]\]^. Since then, the CPB has become perhaps the most important component of modern cardiac surgery. In these nearly 60 years, the technique has undergone several improvements, coming to current models, which, in essence, does not much differ from the initially proposed by Gibbon. The CPB devices currently consist in a circuit with a pump, which may be centrifugal or roller, an oxygenator, usually membrane, cannulas, tubes and a cardioplegia circuit.

Despite the significant changes and improvements in CPB systems, complications related to tissue damage affecting postoperative morbidity and mortality still persist ^\[[@r03]\]^. The CPB exposes the body to a series of non-physiological conditions, leading to complex changes in normal physiology of the circulatory system. The contact of blood with the artificial surface of the circuit, the phenomenon of ischemia-reperfusion, tissue hypoperfusion and hemolysis may initiate and exacerbate the inflammatory response. CPB induces both humoral and the cellular constituent of the immune system, leading to changes that, at first, are manifested by an exaggerated inflammatory response, but which then lead to a temporary immunodeficiency presentation.

The development of strategies to control the damage caused by CPB in the body is therefore essential in order to reduce these complications and has been the focus of several experimental research and clinical studies. The therapeutic possibilities targeting to reduce the inflammatory process are based on two main pillars: non-pharmacological interventions in the CPB system and administration of drugs in the peri- or intraoperative period.

Although clinical trials may indicate possible routes and general aspects of aggression caused by CPB in the body, new therapies may not be initially assessed by means of this type of study, since they need to be tested on animals to ensure their safety and only then be investigated in clinical studies. Thus, animal models are essential for developing strategies against the inflammatory response to CPB. Furthermore, the use of animal models allows analysis in which the only variable of the study is the studied intervention, since the animals used can be genetically identical, thus reducing possible biases.

The aim of this literature review is therefore to understand how animal models have been used to study the inflammatory response and changes in microcirculation after CPB and possible control strategies, presenting results and prospects for improving CPB systems in its clinical use.

METHODS
=======

Search Strategy
---------------

For this review, search in the PubMed databases (MEDLINE, scientific journals and online books) was performed, being used terms from the \"Medical Subject Headings\" (MeSH), comprising terms controlled by the \"National Library of Medicine\" of the United States and that is used for indexing articles in PubMed.

Initially, the term (\"Cardiopulmonary Bypass\" ^(MeSH)^) was used, and from this search the results published in the last ten years, until May 2012 were selected, yielding 7,099 articles. Subsequently, in addition to the aforementioned term, the search was restricted to results that also contained the terms (\"Microcirculation\"^(MeSH)^) or (\"Inflammation\"^(MeSH)^) or (\"Inflammation Mediators\"^(MeSH)^), being found respectively 69, 455 and 304 results totaling 828. Of these, repeated results were excluded, leading to a total of 717 articles.

Excluding items that were not in English or did not represent experimental studies in animals, 110 results were obtained. These articles received a more detailed analysis, being excluded literature reviews and studies that did not have control group. Thus, in the end, 72 articles were selected for this review ([Figure 1](#f01){ref-type="fig"}).
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Studied data
------------

The specific objectives of each study were raised and, after analysis, we determined the main thematic groups that would embrace such goals. In each study the main intervention (independent variable) and the main consequences of them (dependent variables) were highlighted. Thus, it was possible to compare, within each thematic group, the interventions and the results of the selected studies.

It was also determined the number of times that each dependent variable appeared, and for the analysis were selected those that were found in at least three studies. Thus, both for presentation of results and for the sake of argument, only the parameters showing certain frequency have been included.

RESULTS
=======

The studies assessed in this review attempted to assess three main topics: 1) the effects of CPB on the inflammatory response and the microcirculation, 2) non-pharmacological interventions in the CPB system and 3) the administration of drugs in the peri- or intraoperative period.

Effects of CPB on inflammatory response and the microcirculation
----------------------------------------------------------------

Nine studies seek to better understand the consequences of the CPB in microcirculation and inflammatory response, and all showed induction of inflammatory response and microcirculatory changes by CPB. The amount of activated leukocytes adhered to tissues and water in the extracellular space proved to be increased in the groups where CPB was performed, showing, respectively, activation of the inflammatory cascade and increased vascular permeability ^\[[@r04]-[@r06]\]^. Moreover, it was found a significant reduction in blood flow and arteriolar endothelium-dependent relaxation ^\[[@r04],[@r05],[@r07]-[@r09]\]^. Furthermore, we found increased NF-κB expression and caspase-3 activity ^\[[@r10],[@r11]\]^. With respect to cytokines, both those typically inflammatory, such as TNF-α, IL-6, IL-8 and IL-1β, as anti- inflammatory, such as IL-10, presented increased ^\[[@r04],[@r07],[@r11],[@r12]\]^.

Non-pharmacological interventions in the CPB system
---------------------------------------------------

### Filtration

The use of four different types of filters in the CPB circuit was proposed in five of the studies assessed, with the aim of reducing the deleterious effects of CPB. Darling et al. ^\[[@r13]\]^ used zero balance ultrafiltration (Z-BUF), a technique that aims to fix the water balance generated by CPB through infusion of saline solution simultaneously to filtration, demonstrating increased arterial partial pressure of oxygen (PaO~2~), decreased tissue edema and reduced histologic injury. Alaoja et al. ^\[[@r14]\]^ studied the filtration of leukocytes, demonstrating reduction in activated leukocytes adhered to tissues.

The leukocyte depletion was also studied by Tao et al. ^\[[@r15]\]^, which showed good results on the inflammatory response and microcirculation, such as decreased neutrophils, IL-8, plasma elastase and myeloperoxidase, in addition to lower pulmonary vascular resistance. The third filter, studied by Ohki et al. ^\[[@r16]\]^, was the hemoperfusion with polymyxin B-immobilized cartridge (MPX), which acts as an endotoxin scavenger filter and has demonstrated increased tissue partial pressure of oxygen (PO~2~), reduction of tissue lesions and diminished IL-8. Finally, the use of the modified ultrafiltration (MUF) technique studied by Atkins et al. ^\[[@r17]\]^, in which it keeps filtering the blood for some time after the end of CPB, in addition to reduce pulmonary vascular resistance, reduced levels of IL-6 and IL-8, although it has not changed the values of TNF-α.

### Flow

One of the concerns frequently raised by the use of CPB systems is the attempt to bring them closer to the maximum of the physiological functioning of the body, being the characterization of the blood flow a great representative of this concern. Two studies have attempted to assess the effects of different flow regimes on inflammatory response and microcirculation. Voss et al. ^\[[@r18]\]^ compared the plasma levels of IL-6 and IL-1 receptor between pulsatile and non-pulsatile flow regimes, but found no significant differences between these two patterns. Anttila et al. ^\[[@r19]\]^, in turn, sought to determine the lowest safe performance of CPB flow, assessing the potential adverse changes if CPB was performed under conventional blood flow, and demonstrated that the flow reductions also reduce tissue PO~2~. Schears et al. ^\[[@r20]\]^ showed that even in the presence of a persistent arterial duct, the more dimished the flow, the lower the tissue PO~2~.

### Miniaturization

The miniaturization of CPB systems is very useful for pediatric cardiac surgery, especially in neonates and infants, allowing the reduction of the amount of priming and hence hemodilution. Two studies have attempted to assess the use of miniaturization of the CPB system in order to reduce the inflammatory response and changes in microcirculation. Schnoering et al. ^\[[@r21]\]^, using the MiniHLM, a miniaturized heart-lung machine created by the authors, found no significant differences compared to the control group. Ugaki et al. ^\[[@r22]\]^, on the other hand, showed a reduction in IL-8, thrombin-antithrombin complex, water content in the extracellular space and pulmonary vascular resistance with the use of Tiny- Pump, an ultra-miniaturized centrifugal pump developed by the group.

### Perfusate

One of the most important variables of CPB is the type of perfusate used in the filling of the heart-lung machine circuits. Two studies sought to investigate whether changes in priming would lead to changes in the inflammatory response and the microcirculation after the use of CPB. Ugaki et al. ^\[[@r23]\]^ demonstrated that the filtration of blood perfusate prior to the commencement of CPB reduces the formation of IL-8 and thrombin-antithrombin complex, in addition to increase the PaO~2~. Farstad et al. ^\[[@r24]\]^, in turn, investigated the use of iso-oncotic solutions of hetastarch and albumin as perfusate, demonstrating that both significantly reduce tissue edema when compared to commonly used perfusate solution.

### Temperature

The effects of hypothermia on the inflammatory response during CPB were assessed in three studies. Qing et al. ^\[[@r25]\]^ studying the effects of CPB in liver of pigs, showed decreased production of TNF-α and NF-κB and increased IL-10, confirming the anti-inflammatory effect of hypothermia. Lower leukocyte counts and lower histologic lesions were described by Antilla et al. ^\[[@r26],[@r27]\]^ when studying the effects of hypothermia on cerebral territory of pigs on CPB.

### Regional perfusion

The use of regional infusion regimes, parallel to the main CPB circuit allows prioritizing the perfusion of vital organs and thus increases the time on cardiac arrest, providing greater freedom to the surgeon. The use of these regimens was assessed in four different studies. In cerebral territory, the techniques used were selective cerebral perfusion, achieved by right carotid artery, and retrograde, performed through the superior vena cava. The first showed increased tissue oxygenation while the second resulted in reduced oxygenation and increased tissue edema ^\[[@r28],[@r29]\]^. In pulmonary system we studied the technique of active perfusion, pulsatile or not, performed through cannulation of the pulmonary artery, showing a decreased expression of cytokines such as IL-1β, IL-6, TNF-α and NF-κB, as well as the caspase-3 activity ^\[[@r30]\]^. In the group on which the perfusion was pulsatile, this difference was even more significant for IL-1β, IL-6 and caspase-3 activity. Finally, DeCampli et al. ^\[[@r31]\]^ studied the effect of regional low-flow perfusion, in which the CPB flow is directed exclusively to the brachiocephalic trunk and the left carotid artery, demonstrating increased brain PO~2~.

### Other therapies

Other variables were assessed by least amount of studies, but also showed relevant results to clinical practice. Gabriel et al. ^\[[@r32]\]^ sought to investigate the use of a coated synthetic copolymer (methacrylate), showing lower circuit platelet aggregation, but no differences in the number of leukocytes, compared with the control group. The use of mini-sternotomy was studied by Hayashi et al. ^\[[@r33]\]^ showing no difference with the traditional technique at the end of procedure. Maintenance of blood pH within a range of equilibrium, by adding carbon dioxide (CO~2~) during CPB led to increased blood flow, and consequent increase in tissue PO~2~ in brain ^\[[@r34],[@r35]\]^ territory.

Finally, Jiang et al. ^\[[@r36],[@r37]\]^ studied the use of partial and full liquid ventilation after CPB, demonstrating lower neutrophil counts and lower expression of IL-6, IL-8 and myeloperoxidase, which resulted in a lower lung injury score, with more significant results with the full than the partial technique. The use of perfluoroctil bromide (PFOB), a perfluorochemical compound used as an artificial blood substitute in perfusate emulsion was studied by Isaka et al. ^\[[@r38]\]^, but no significant differences in the traditional perfusate were found.

Administration of drugs in peri- or intraoperative period
---------------------------------------------------------

The drugs assessed by the studies reviewed herein could be divided into 3 main classes, according to their actions: 1) drugs with effects on coagulation, 2) vasoactive drugs and 3) drugs with anti-inflammatory activity.

### Drugs with effects on coagulation

The bivalirudin, a direct thrombin inhibitor, was investigated by Welsby et al. ^\[[@r39]\]^ and proved to reduce the thrombin-antithrombin complex as well as IL-6 and IL-10. Another drug that showed a decrease in thrombin-antithrombin complex was dextran sulfate (DXS), an antithrombotic studied by Banz et al. ^\[[@r40]\]^, that also reduced neutrophil adherence, extravasation of fluid into the extracellular medium and pulmonary arterial pressure. The DXS also reduced the expression of IL-1β, IL-6, IL-8 and TNF-α cytokines. Finally, the effects of antiplatelet eptifibatide, an inhibitor of IIb/IIIa glycoprotein were studied in cerebral territory by Ben Mime et al. ^\[[@r41]\]^, demonstrating reduction of histological lesions and increased tissue PO~2~, effects possibly related to decreased formation of microbubbles.

### Vasoactive drugs

Sildenafil, a selective inhibitor of cGMP-specific phosphodiesterase 5 was studied by Aubin et al. ^\[[@r42]\]^, showing reduction in pulmonary arterial pressure and arteriolar endothelium-dependent relaxation, both after application of acetylcholine as bradykinin. A drug with effects similar to sildenafil was prostacyclin, which acts as both vasodilator and inhibitor of platelet aggregation, and its only difference to sildenafil was that endothelium-dependent arteriolar relaxation on the specific action of acetylcholine was not altered ^\[[@r43]\]^. Similarly, tetrahydrobiopterin, a cofactor of the synthesis of nitric oxide (NO) studied by Stevens et al. ^\[[@r44]\]^, appeared to increase the endothelium-dependent arteriolar relaxation only on the specific action of bradykinin, while the use of magnesium alone increased the endothelium-dependent arteriolar relaxation on the specif action of acetylcholine ^\[[@r45]\]^. Lamarche et al. ^\[[@r46]\]^ also demonstrated that milrinone, a selective inhibitor of phosphodiesterase 3, if inhaled, in addition to reduce the heart rate and increase the mean arterial pressure has a positive effect in relaxation of pulmonary arteries in response to acetylcholine and bradykinin.

El Kebir et al. ^\[[@r47],[@r48]\]^ have shown, in two studies, that the inhalation of NO prior to CPB reduces neutrophils and IL-8. Aprotinin, a fibrinolysis retardant studied by Liu et al. ^\[[@r49]\]^ and Veres et al. ^\[[@r50]\]^, also reduced the levels of IL-8, in addition to increase platelet number, although has not changed the endothelium-dependent arteriolar relaxation after administration of acetylcholine or bradykinin, as the authors expected.

Once the literature described the positive effects of NO and aprotinin on the inflammatory response and changes in microcirculation, it was suggested the concomitant use of these two compounds with prostaglandin 1 (PGE1), and this drug regimen was called blood hibernation. Zhou et al. ^\[[@r51]\]^ and Du et al. ^\[[@r52]\]^ in two studies using this technique showed, paradoxically, lower leukocyte count and increased neutrophil count, respectively, although both observe an increase in the number of platelets. Furthermore, the technique of blood hibernation decreased the plasma elastase, CD11b, myeloperoxidase and IL-8 expression, as well as the count of thrombin-antithrombin complexes and histological lesions. In turn, the use of ruthenium-based NO sequestrant (AMD6221) studied by Mayers et al. ^\[[@r53]\]^, demonstrated increase in the mean arterial pressure.

The effect of bradykinin, a vasodilator and inflammatory mediator, was investigated by Yeh et al. ^\[[@r54]\]^, showing decreased levels of IL-6, IL-8, TNF-α, NF-kB, myeloperoxidase and caspase-3 activity, besides having less histological damage of brain tissue. Clark et al. ^\[[@r55]\]^ sought to establish the effect of xenon in a CPB scenario, but found no significant results regarding the variables considered in this review.

### Anti-inflammatory drugs

The use of peroxynitrite was studied by Hayashi et al. ^\[[@r56]\]^ who demonstrated a reduction of IL-6 and IL-8 interleukins. The action of glutamine studied by the same authors showed the same results, in addition to reduced number of adherent neutrophils ^\[[@r57]\]^. In another study, Hamamoto et al. ^\[[@r58]\]^ demonstrated that rolipram, a selective phosphodiesterase 4 inhibitor, reduces the expression of plasma elastase, TNF-α and CD11b, similarly to the use of activated protein C, which still increased PaO~2~ and decreased the expression of IL-1β interleukin and water content in the extracellular space ^\[[@r59]\]^.

Flurbiprofen, an inhibitor of prostaglandin synthetase studied by Takewa et al. ^\[[@r60]\]^ and Sato et al. ^\[[@r61]\]^, although it has not shown significant effects on the inflammatory response, improved blood flow in the mesenteric tissue. Administration of atrial natriuretic peptide (ANP) resulted in lower myeloperoxidase activity and increased tissue blood flow in renal territory in the study by Ohno et al. ^\[[@r62]\]^. Also in renal territory, the use of n-acetylcysteine was studied by Zhu et al. ^\[[@r63]\]^, demonstrating lower expression of TNF-α and NF-κβ.

Goebel et al. ^\[[@r64]\]^ studied the effects of inhaled carbon monoxide (CO) before and after CPB. The inhalation prior to CPB decreased the expression of IL-1β and TNF-α, in addition to increase the expression of IL-10 and attenuate the activity of caspase-3, reducing the occurrence of pulmonary apoptosis induced by CPB. The use of therapy with CO after CPB has also demonstrated anti-inflammatory effect, with reduced expression of IL-6 and TNF-α, besides reduction of caspase-3 activity ^\[[@r65]\]^.

The use of curcumin, a natural dye with anti-inflammatory properties, studied by Liu K et al. ^\[[@r66]\]^ showed reduced levels of IL-8, TNF-α, NF-kB, as well as the lung injury score. The PPAR-alpha agonist effects studied by Yeh et al. ^\[[@r67]\]^ was similar to those of curcumin on IL-8, TNF-α and NF-κβ interleukins. The PPAR-alpha agonist also reduced the expression of IL-10, myeloperoxidase, caspase-3 activity and histological lesions in cardiac tissue, in addition to increase hemodynamic variables such as heart rate and blood pressure.

Cai et al. ^\[[@r68]\]^ demonstrated lower histological lesion in liver tissue after using penehyclidina hydrochloride (PHC), an anticholinergic medication. Still in hepatic territory, An et al. ^\[[@r69]\]^ suggested that the use of growth hormone may have anti-inflammatory effect as demonstrated by lower expression of IL-1β and TNF-α, although the values of interleukins with anti-inflammatory action (IL-6 and IL-10) showed no difference when compared to the control group.

Simvastatin was studied by Shao et al. ^\[[@r70]\]^ and Shen et al. ^\[[@r71]\]^ in lung and heart territories, respectively. Both studies showed reduced expression of IL-6, TNF-α, NF-κB and myeloperoxidase, which resulted in lower lung injury score in the study by Shao et al. ^\[[@r70]\]^. In a study by Kellermann et al. ^\[[@r72]\]^, the use of moxifloxacin, an antibiotic of broad-spectrum, also led to lower expression of TNF-α and NF-κB cytokines. In pulmonary territory, sivelestat, an inhibitor of neutrophil elastase used for Wakayama et al. ^\[[@r73]\]^, led to reduction of IL-8, myeloperoxidase and plasma elastase, besides increasing PO~2~ and reducing histological lesions.

De Lange et al. ^\[[@r74]\]^ demonstrated an increased inflammatory response to CPB with the use of perfluorocarbon, having found increased expression of IL-1β, IL-6, IL-10 and TNF-α, and higher histological lesion in brain tissue. The sulfide oxygen, in turn, was studied by Osipov et al. ^\[[@r75]\]^ and showed no significant effects on any of the main indicators of inflammatory response or changes in microcirculation effects.

CONCLUSION
==========

Studies in animal models have proved to be adequate to demonstrate the effects of CPB on inflammatory response and the microcirculation. Still, it was demonstrated the primary efficacy of various interventions, pharmacological or not, against the activation and maintenance of the inflammatory response and changes in microcirculation caused by CPB. Now, prospect studies to assess these interventions in clinical practice are needed in order to reduce the morbidity and mortality of cardiovascular surgery with CPB.
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